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The  effects  of  measurement  technique  and  measurement  conditions  (e.g.,  injection  level, 
temperature)  on  measured  carrier  lifetimes  in  rC  4H-SiC  epilayers  are  investigated  both 
experimentally  and  through  detailed  carrier  dynamics  simulations  to  better  understand  differences 
between  reported  lifetimes.  Three  common,  optically  based  techniques  are  compared:  time  resolved 
photoluminescence,  transient  free  carrier  absorption,  and  microwave  photoconductivity  decay.  From 
the  details  of  these  measurement  techniques  it  is  shown  from  both  theory  and  experiment  that  for  the 
limits  of  high  or  low  injection,  these  techniques  can  reflect  very  different  lifetimes.  The  effect  of 
measurement  conditions  on  the  carrier  lifetime  was  approached  by  simulating  the  carrier  dynamics 
assuming  a  dominant  Z1/Z2  defect  in  order  to  calculate  the  evolution  of  the  lifetimes  and  the  carrier 
and  defect  charge  state  concentrations  for  arbitrary  injection  level  or  temperature,  as  a  closed-form 
solution  to  this  problem  does  not  exist.  The  simulated  behavior  was  found  to  be  in  reasonable 
agreement  with  experiment  and  the  resulting  values  for  the  electron  and  hole  capture  cross  sections 
for  the  0/+  transition  of  Z|  /Z2  were  found  to  be  crn2 ~  (2-4)  X  1(T15  cm2  and  rr/)2~  (1-2) 

X  10-14  cm2,  respectively.  The  simulations  provide  insight  into  the  dominant  processes  controlling 
the  lifetime  and  identify  four  distinct  stages  of  decay.  A  simple  expression  for  the  ratio  of  high-  to 
low-injection  lifetimes  is  presented  which  compares  well  with  experiment.  The  temperature 
dependence  of  the  lifetime  is  found  to  be  relatively  weak  below  500  K  and  thermally  activated 
immediately  above  this  temperature  due  to  electron  emission  from  the  Z°  state.  Electron  emission 
from  Z~  and  hole  emission  become  important  only  at  higher  temperatures.  Simulations  with  both 
Z[/Z2  and  EH6/EH7  defects  suggest  the  latter  does  not  contribute  significantly  to  the  lifetime  in 
as-grown  epilayers,  due  primarily  to  a  small  capture  cross  section  for  holes. 

[DOI:  10.1063/1.2837105] 


I.  INTRODUCTION 

As  a  result  of  its  outstanding  chemical  and  thermal  sta¬ 
bility,  superior  thermal  conductivity,  and  high  breakdown 
field,  SiC  has  become  an  important  material  for  the  develop¬ 
ment  of  high-power  microwave  devices  and  high  voltage 
switching  devices  capable  of  performing  beyond  the  theoret¬ 
ical  limitations  of  Si-based  technology.  However,  in  spite  of 
the  progress  that  has  been  made  in  both  materials  growth  and 
device  fabrication,  material  defects  continue  to  limit  the  in¬ 
corporation  of  these  devices  in  many  current  applications. 
For  high  voltage,  bipolar  switching  devices,  an  area  of  par¬ 
ticular  concern  has  been  the  high  forward  voltage  drop  that  is 
developed  across  the  thick,  low-doped  n~  drift  region,  which 
results  in  excessive  heat  dissipation  during  the  switch  on- 
cycle.  Ideally,  the  forward  voltage  drop  is  minimized  by  con¬ 
ductivity  modulation,  where  a  high  concentration  of  majority 
and  minority  carriers  are  injected  into  the  drift  region  under 
high  forward  bias,  thus  raising  the  conductivity  of  the  layer. 
The  carrier  concentration  that  can  be  injected  is  directly  lim¬ 
ited  by  the  carrier  lifetime,  which  is  controlled  by  material 
defects. 

During  operation,  such  devices  run  under  high  injection, 
so  the  high-injection  lifetime  is  of  particular  interest.  How¬ 
ever,  the  achievement  of  the  high  degree  of  base  modulation 
necessary  for  good  device  performance  depends  upon  the 
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effectiveness  of  conductivity  modulation.  This  requires  long 
carrier  lifetimes,  particularly  for  the  minority  holes,  since  the 
majority  carrier  traps  at  equilibrium  are  already  filled.  With¬ 
out  a  long  minority  carrier  lifetime  (MCL),  the  achievable 
base  modulation  will  therefore  be  limited  and  the  forward 
voltage  drop  will  be  excessive.  Thus,  the  MCL  is  a  parti¬ 
cularly  important  parameter  for  bipolar  structures.  As 
Levinshtein  et  al.  have  noted:1  “Just  this  parameter  controls 
the  degree  of  base  modulation  by  minority  carriers  at  high 
injection  levels,  residual  voltage  drop  across  the  devices  at 
high  current  densities,  switch-on  and  switch-off  times,  criti¬ 
cal  charge  density  in  the  thyristors,  etc...  .” 

Consequently,  there  has  been  considerable  interest  in 
characterizing  the  lifetimes  of  carriers  within  epitaxial  layers 
and  within  complete  device  structures,  although  the  relation¬ 
ship  between  these  is  not  always  clear.1  However,  wide 
variations  in  measured  lifetimes  are  not  uncommon  in  the 
literature  and  even  comparison  of  different  measurements  on 
the  same  sample  can  yield  substantially  different  results.  As 
we  will  show,  this  stems  from  basic  differences  between 
measurement  techniques  and  from  differences  in  experimen¬ 
tal  conditions,  such  as  injection  level,  temperature,  and  sur¬ 
face  condition.  Different  measurement  techniques  are  often 
sensitive  to  very  different  physical  parameters,  thus  leading 
to  the  determination  of  qualitatively  different  lifetimes. 
Variations  in  injection  level  and  temperature  can  significantly 
affect  the  carrier  dynamics  and,  consequently,  the  carrier  life- 
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TABLE  I.  Characteristics  and  fitted  parameters  for  the  three  n  4H-SiC 
epitaxial  layers.  All  epilayers  were  grown  on  n+  substrates  by  silane-based 
MOCVD. 


Sample  — » 

A 

B 

C 

Format 

3"  wafer 

=  1  cm2 

“»1  cm2 

Thickness  (/xm) 

160 

52 

160 

«o =Nd-Na  (cm-3) 

4  X  1014 

1X1015 

4  X  1014 

N  (cm-3)  a 

2.7  X  1013 

5.6  X1012 

1.1  X1013 

<r„2  (cm2)  a 

3.5  X  10-15 

1.8  X10-15 

3X  10-15 

0>2  (cm2)  a 

1.4  X  10-14 

1  X  10-14 

1.4  X  10-14 

Parameters  determined  in  this  work  by  fitting  experimental  data  to  the 
result  of  the  carrier  dynamics  simulations. 


times.  This  was  of  particular  interest  in  the  original  work  of 
Shockley  and  Read.  The  bulk  recombination  rate  can  also 
be  masked  by  surface  recombination,  depending  upon  the 
quality  of  the  surface  and  of  the  interface  between  the  epi¬ 
taxial  layer  and  the  substrate. 

All  of  these  issues  conspire  to  make  comparisons  be¬ 
tween  measured  lifetimes  somewhat  ambiguous.  Here  we  ex¬ 
amine  the  variations  of  measured  lifetimes  in  n~  4H-SiC  ep¬ 
itaxial  layers  with  the  specific  technique  chosen  for  the 
measurement  and  with  the  variations  in  local  environment 
under  which  the  measurement  is  carrier  out.  The  latter  is 
addressed  by  experiment  and  by  detailed  carrier  dynamics 
simulations,  since  the  recombination  kinetics  at  defects  can¬ 
not,  in  the  general  case,  be  expressed  by  a  simple  analytical 
formulation.  These  calculations  provide  insight  into  the 
variations  in  the  carrier  lifetime  for  arbitrary  injection  level 
or  temperature  and  can  be  compared  to  experimentally  mea¬ 
sured  behavior.  The  results  help  to  elucidate  the  dominant 
processes  controlling  the  lifetime  under  varying  experimen¬ 
tal  conditions  and  provide  a  basis  for  comparison  between 
measured  lifetimes. 

II.  EXPERIMENTAL 

Carrier  lifetime  studies  of  three  4H-SiC  epilayers  are 
reported  here  in  order  to  compare  directly  to  the  carrier  dy¬ 
namics  simulations  and  to  provide  examples  of  the  behavior 
discussed  in  the  text.  The  comparison  of  measured  and  cal¬ 
culated  behavior  also  provides  a  method  for  determining  two 
important  capture  cross  sections,  not  uniquely  available  in 
the  literature,  that  are  necessary  to  carry  out  the  simulations 
for  the  general  case.  The  characteristics  of  three  samples 
employed  in  the  measurements,  labeled  A,  B,  and  C,  are 
summarized  in  Table  I.  All  were  grown  by  silane-based  met- 
alorganic  chemical  vapor  deposition  (MOCVD)  on  n+ 
4H-SiC  substrates. 

Time-resolved  photoluminescence  measurements  were 
generally  carried  out  at  300  K  in  order  to  ensure  a  well- 
thermalized  carrier  population.  A  flow-through  optical  cry¬ 
ostat  or  a  temperature-regulated  heat  stage  was  used  for 
temperature-dependent  measurements.  Excitation  was  pro¬ 
vided  by  either  a  frequency-tripled,  Q-switched  Nd:yttrium- 
aluminum-garnet  (YAG)  laser  (355  nm,  4  ns  pulse  width, 
1-30  Hz,  0-2  mJ/pulse)  or  a  frequency  doubled,  cavity- 
dumped,  mode  locked  Ti:sapphire  laser  (355  nm,  130  fs 
pulse  width,  <0.1-1  MHz,  0-5  nJ/pulse).  The  collected 


light  was  dispersed  by  a  0.22  m  double  spectrometer  and 
detected  by  a  GaAs  photomultiplier  and  time  correlated 
single  photon  counting.  Transient  free  carrier  absorption 
measurements  employed  the  Nd:YAG  laser  as  a  pump 
source,  a  continuous  wave,  1310  nm  diode  laser  (0-5  mW) 
probe  beam,  and  a  0.3  mm  diameter  InGaAs  detector 
matched  to  a  transimpedance  amplifier.  Microwave  photo¬ 
conductivity  decay  (//-PCD)  measurements  were  carried  out 
with  a  Semilabs  WT-85  lifetime  scanner  that  was  converted 
to  include  355  nm  excitation  and  10  ns  temporal  resolution. 

Since  the  incident  355  nm  light  has  a  penetration  depth 
of  about  50  /xm,2'4  the  carrier  injection  levels  vary  with 
depth.  Consequently,  experimental  injection  levels  represent 
averages  over  the  layer  thickness.  Here,  the  average  injection 
level  was  determined  by  evaluating  the  injection  at  an  effec¬ 
tive  depth  zeff  corresponding  to  equal  numbers  of  absorbed 
photons  above  and  below  that  depth,  zeii=a  1  ln[2/(l 
+  e~ad)],  where  a  is  the  absorption  coefficient  at  355  nm  and 
d  is  the  layer  thickness. 

III.  COMPARING  OPTICALLY  BASED  CARRIER 
LIFETIME  MEASUREMENT  TECHNIQUES 

Previous  studies  comparing  the  results  of  different  car¬ 
rier  lifetime  measurement  techniques  have  been  primarily  fo¬ 
cused  on  Si  and  on  electrical  techniques  that  are  directly 
applicable  to  device  structures,  such  as  surface 
photovoltage,5-7  open  circuit  voltage  decay  (OCVD),1'8  re¬ 
verse  recovery  (RR),1’8  and  electrolytic  metal  tracer5'6  mea¬ 
surements.  (An  overview  of  the  most  commonly  used  optical 
and  electrical  lifetime  measurement  techniques  is  given  by 
Schroder.9)  Optically  based  measurements,  such  as  /4-PCD 
(Refs.  5-7)  and  time-resolved  photoluminescence  (TRPL),8 
have  also  been  included  in  a  few  of  these  reports.  In  general, 
these  studies  have  been  concerned  with  the  specific  condi¬ 
tions  under  which  different  measurements  can  give  similar 
results  or  with  the  source  of  the  disagreement  between  tech¬ 
niques.  For  example,  Levinshtein  et  al. 1  determined  that  the 
very  short  lifetimes  determined  from  RR  measurements  were 
the  result  of  a  poor  p+ln~  interface  within  the  p-i-n  structure 
(i.e.,  a  thin  layer  of  short  lifetime).  These  lifetimes  were 
found  to  be  much  shorter  than  those  determined  by  OCVD 
measurements  on  the  same  structure  because  the  RR  tech¬ 
nique  is  specific  to  the  region  near  the  junction,  while  the 
OCVD  measurement  samples  the  much  larger  width  of  the 
drift  region. 

In  this  work  we  focus  on  optical  techniques,  which  are 
nondestructive  and  require  no  device  structure,  making  them 
attractive  for  materials  characterization.  While  there  are 
many  approaches  to  carrier  lifetime  measurement,  we  have 
chosen  three  common  techniques  that  are  also  available  in 
our  laboratory:  TRPL,  transient  free  carrier  absorption 
(TFCA),  and  /4-PCD. 

Measured  carrier  lifetimes  are  controlled  by  several 
competing  recombination  processes:  The  contributions  of 
carrier  capture  and  thermal  emission  at  defect  levels  was  first 
considered  in  detail  by  Shockley  and  Read-  and  by  Hall 
(SRH).  Radiative  emission  is  dominant  in  direct  band  gap 
materials  but  provides  a  much  smaller  contribution  to  recom- 
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bination  in  indirect  gap  semiconductors  such  as  SiC.  At  high 
injection  levels  [>1018  cm-3  in  4H-SiC  (Refs.  11  and  12)] 
three-particle  Auger  recombination  becomes  dominant.  In 
addition  to  these  bulk  recombination  processes,  high  concen¬ 
trations  of  defects  at  the  surface  or  at  an  interface  can  also 
trap  carriers  effectively.  The  measured  lifetime,  rmeas,  is  de¬ 
termined  by  the  sum  of  these  contributions 


Tncas  tSRII  ^Rad  Ttuger  Aurf 

For  4H-SiC,  we  will  consequently  neglect  the  radiative 
contribution  and  generally  limit  the  injection  levels  to 
<10ls  cm-3,  so  that  Auger  recombination  can  be  neglected 
as  well.  Surface  recombination  can  make  a  significant  con¬ 
tribution  to  the  measured  lifetime  and  is  considered  in  more 
detail  later  in  this  section.  For  the  present,  we  consider  bulk 
lifetimes  dominated  by  SRH  processes  occurring  at  defects. 
While  the  SRH  model  focused  on  steady-state  conditions,  we 
consider  here  the  transient  case,  where  the  nonequilibrium 
carrier  and  defect  concentrations  decay  back  to  their  equilib¬ 
rium  levels  after  a  short,  above-gap  optical  pulse. 

Carrier  lifetimes  in  general  are  injection  dependent,  with 
well-defined  limits  at  very  high  and  very  low  injection.  In  the 
low-injection  limit,  where  the  injected  majority  carriers  are 
just  a  perturbation  to  the  equilibrium  carrier  concentration, 
the  lifetime  is  controlled  by  the  minority  carriers  and  ap¬ 
proaches  the  minority  carrier  lifetime,  tmcl.  Under  high  in¬ 
jection  conditions,  the  nonequilibrium  electron  and  hole  con¬ 
centrations,  Sn{t )  and  Sp(t),  respectively,  are  approximately 
equal  (to  within  the  small  concentration  of  trapped  carriers): 
Sn~  Sp.  Consequently,  the  electron  and  hole  concentrations 
decay  at  the  same  rate,  and  the  instantaneous  electron  and 
hole  lifetimes,  t„  and  rp,  respectively,  are  both  fixed  at  the 
high-level  limit  thl  until  the  carrier  concentration  has  de¬ 
cayed  sufficiently  to  become  comparable  to  the  equilibrium 
carrier  concentration.  With  further  decay,  the  two  carrier  life¬ 
times  begin  to  diverge. 

In  the  standard  SRH  model,  the  carrier  lifetime  increases 
with  increasing  injection  between  the  low-level  and  high- 
level  limits,  as  long  as  thermal  emission  from  defects  is  rela¬ 
tively  unimportant.  For  n~  4H-SiC  this  is  generally  the  case 
at  room  temperature,  as  the  dominant  defects  are  relatively 
deep.  Between  the  low  and  high  injection  limits,  the  SRH 
model  predicts  a  carrier  lifetime  that  increases  monotonically 
with  injection  level.  While  the  SRH  model  assumes  a  single 
simple  defect,  very  low  defect  concentrations  (such  that  Sn 
=  Sp)  and  steady-state  conditions,  there  has  been  much  work 
over  the  years  extending  the  model  beyond  these  limitations, 
particularly  to  the  transient  case. 13-17  However,  there  is  no 
simple,  closed-form  solution  that  can  be  applied  to  the  gen¬ 
eral  case.15  The  absence  of  a  simple  analytical  method  to 
treat  the  general  case  has  limited  many  studies  to  either  the 
high-  or  low-injection  limits. 

Since  the  low-  and  high-injection  lifetimes  are  also  both 
important  device  parameters;  it  is  natural  to  focus  on  these 
two  regimes.  Consequently,  in  considering  the  differences  in 
the  lifetimes  determined  by  different  experimental  tech¬ 
niques,  we  will  restrict  these  comparisons  to  the  low-  and 
high-level  limits,  rMCL  and  rHL,  respectively.  By  considering 


the  details  of  each  measurement  technique,  the  relationship 
between  the  measured  lifetimes  and  the  decay  of  the  electron 
or  hole  concentrations  can  be  determined.  However,  in  order 
to  study  the  effect  of  arbitrary  variations  in  injection  level 
and  temperature  on  the  carrier  lifetimes  under  transient  con¬ 
ditions,  we  carry  out  in  Sec.  IV  carrier  dynamics  simulations, 
where  the  bulk  recombination  is  modeled  by  capture  and 
emission  at  a  single  dominant  defect  and  compared  to  experi¬ 
ment. 

A.  Transient  free  carrier  absorption 

The  TFCA  technique  has  been  applied  in  Si  (Refs. 
18-20)  as  well  as  in  SiC.2 1-23  In  this  approach,  a  below-gap, 
steady-state  infrared  probe  beam  of  intensity  70  is  focused 
onto  the  sample,  and  the  transmitted  light  of  intensity  Ix  is 
collected  on  a  fast  infrared  detector.  Ix  accounts  for  the 
steady-state  losses  due  to  reflections  and  absorption  from  the 
n+  substrate  and  from  the  equilibrium  carrier  concentration  in 
the  epilayer.  When  a  short,  above-gap  pump  pulse  from  an 
ultraviolet  (UV)  laser  is  incident  on  the  same  region  of  the 
sample,  excess  carriers  Sn  and  Sp  are  injected.  The  excess 
carriers  provide  additional  absorption  of  the  infrared  probe 
beam  through  free  carrier  absorption,  so  that  a  transient  dip 
in  transmission  is  sensed  by  the  detector  after  the  arrival  of 
the  pump  pulse.  As  the  injected  nonequilibrium  carriers  re¬ 
combine,  the  transmission  transient  decays  with  a  rate  re¬ 
flecting  the  lifetime  of  the  carriers  as  the  transmission  returns 
to  its  steady-state  level. 

In  terms  of  the  transient,  nonequilibrium  carrier  concen¬ 
trations  Sn{t )  and  Spit),  the  transmitted  infrared  signal  can 
be  written  as18 

I7(t)  =  /[  exp{-  [aeSn(t)  +  ahSp(t)]d},  (2) 

where  d  is  the  epilayer  thickness  and  cre  and  crh  are  the  cross 
sections  for  free  carrier  absorption  by  electrons  and  holes, 
respectively,  and  depend  on  the  wavelength  and  polarization 
of  the  infrared  probe  beam  with  respect  to  the  c-axis."4'"5 
While  the  UV  pump  light  often  penetrates  into  the  substrate, 
the  transient  component  from  the  n+  substrate  is  very  fast  and 
does  not  interfere  significantly  with  the  epilayer  contribu¬ 
tion."’  With  initial  injection  levels  Sn(0)  =  Sp(0)  =  g,  the 
transmitted  probe  light  intensity  reaching  the  detector  imme¬ 
diately  after  the  excitation  pulse  (r = 0)  is  reduced  from  its 
initial  steady-state  value  1 1  to  /7  =  / ,  expY~{<Te+ <rh)gd).  The 
magnitude  of  the  time-varying  transmission  transient  is 
A/(t)  =  Il-/T(t), 

A 7(r)  =  7[{1  -  exp[-  ( aeSn  +  crhSp)d  }.  (3) 

In  almost  all  cases  the  epilayer  absorption  is  relatively  small, 
e.g.,  we  h8nd<^  1 .  Therefore,  the  magnitude  of  the  transmis¬ 
sion  transient  representing  the  return  of  the  carrier  system  to 
equilibrium  follows: 

A/(f)  =  I\[(TeSn{t)  +  ahSp(t)\d.  (4) 

Under  high  injection  conditions,  Sn~  Sp  and  A7(f)  =  /  J  oy 
+  cr/,]Sn(t)d.  Thus,  the  magnitude  of  the  transmission  tran¬ 
sient,  or  TFCA  signal,  follows  the  high  injection  carrier  con¬ 
centration,  Sn(t).  Consequently,  t„  =  ~p=  rHL  and  the  carriers 
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decay  with  the  high  injection  lifetime.  Thus,  this  measure¬ 
ment  accurately  reflects  the  high  injection  lifetime. 

Under  low  injection  conditions,  however,  we  cannot  as¬ 
sume  that  Sn~  Sp.  In  general,  neither  the  electron  nor  hole 
contribution  to  Eq.  (4)  dominates,  their  relative  contributions 
are  dependent  upon  probe  wavelength  and  polarization."4 
Consequently,  the  TFCA  lifetime  at  low  injection  is  a  linear 
combination  of  electron  and  hole  components  and  is  not  sim¬ 
ply  related  to  rMCL 

B.  Photoluminescence  decay 

At  room  temperature  the  carrier  system  is  well- 
thermalized  and  radiative  transitions  across  the  band  gap  re¬ 
flect  the  lifetime  of  the  free  carriers.  In  indirect  gap  materials 
such  as  SiC,  the  purely  radiative  lifetime  of  the  band-band 
emission  is  quite  long.  Consequently,  faster  competing  pro¬ 
cesses  (e.g.,  carrier  capture  by  defects),  which  determine  the 
carrier  lifetime,  dominate  the  observed  luminescence  decay. 
The  band-band  PL  intensity  is  of  the  form  hiit)  =  yn(t)p(t). 
Writing  n(t)=n0+  Sn  and  p(t)=p0+  Sp,  where  n0  and  p0  are 
the  equilibrium  electron  and  hole  concentrations,  and  for 
n-type  material  p0<gin0,Sn,  Sp,  the  PL  intensity  takes  the 
form 

/pi.(f)  =  r[«o  +  Sn(t)]Sp(t)  ■  (5) 

Under  low  excitation  conditions  (<5n<^n0),  lit)  =  yn{)Sp(t), 
so  the  PL  intensity  follows  the  minority  hole  concentration. 
Thus,  in  the  low  injection  limit  the  PL  lifetime  reflects  the 
MCL,  rPL=  tmcl.  Under  high  excitation  conditions,  however, 
Sn~  Sp)S>n0,  so  /PL(f)  =  y[c>n(f)]2.  Consequently,  the  PL  in¬ 
tensity  decays  twice  as  fast  as  the  carrier  lifetime,  due  to  the 
bimolecular  recombination  kinetics.  The  PL  decay  time  at 
high  injection  is  then  expected  to  be  half  of  the  high  injection 
lifetime,  rPL=|rHL. 

C.  Microwave  photoconductivity  decay 

In  the  /r-PCD  technique,26  one  measures  the  fractional 
change  in  the  microwave  power,  SP  wl  P w,  reflected  from 
the  sample  due  to  an  above-gap  optical  pulse  that  provides 
the  injected  carriers.  The  change  in  reflectivity  results  from  a 
change  in  the  sample  conductivity,  Scr(t),  induced  by  the 
nonequilibrium  carriers.  For  small  variations  in  the 
conductivity,"6  SP^WI  P^ w  a  Stri  t) .  The  conductivity  tran¬ 
sient  can  be  written  as 

<5cr(r)  =  e[pnSn(t)  +  ppSp(t)] ,  (6) 

where  pn  and  pp  are  the  electron  and  hole  mobilities,  respec¬ 
tively,  and  e  is  the  electronic  charge.  Consequently,  the  mea¬ 
sured  signal  takes  the  form 

SP 

a  [ n„8n{t )  +  ppSp(t)] .  (7) 

r  jxW 

Under  high  injection  conditions,  Sn  ~  Sp  and  the  /r-PCD  sig¬ 
nal  decays  as  \_pn  +  pp]Sn(t).  As  with  the  TFCA  technique, 
the  measured  change  in  reflected  microwave  power  is  pro¬ 
portional  to  the  high-injection  carrier  concentration,  Si  lit) 
=  Spit),  and  the  PCD  decay  follows  the  high  injection  carrier 
lifetime,  rHL. 


TABLE  II.  The  carrier  lifetime  measured  under  low-  and  high-injection 
conditions  for  the  three  optical  measurement  techniques.  Where  a  single 
carrier  lifetime  is  not  dominant,  the  variation  of  the  measured  parameter 
with  electron  and  hole  concentration  is  indicated. 


Injection 

TFCA 

TRPL 

^t-PCD 

High 

rHL 

%/2 

rHL 

Low 

<TeSn(t)  +  ahSp(t) 

tmcl 

p„Sn(t)+pp8p(t) 

Under  low-injection  conditions,  SPpWl  PpW  varies  as 
\pnSn(t)  +  ppSp(t)],  and  the  low-injection  lifetime  is  a  linear 
combination  of  electron  and  hole  contributions,  similar  to 
TFCA.  In  general,  pp  <  p„  (in  4H-SiC,  pn ~  900  cm2/V  s, 
Pp ~  1 00  cm2/ V  s),  so  the  relative  contribution  of  the  elec¬ 
trons  is  enhanced  at  low  injection.  This  leads  to  a  situation  in 
which  the  low-injection  measurement  might  actually  reflect 
the  lifetime  of  the  majority  carrier  rather  than  that  of  the 
minority  carrier.  In  any  case,  it  is  clear  that  the  low-injection 
/x-PCD  lifetime  is  not  simply  related  to  rMCL. 

D.  Discussion 

The  conclusions  from  the  previous  discussion  are  sum¬ 
marized  in  Table  II,  where  for  each  measurement  technique 
and  for  the  limit  of  high  or  low  injection,  either  the  carrier 
lifetime  that  is  reflected  by  the  measurement  is  presented  or, 
in  cases  where  the  measurement  does  not  follow  the  decay  of 
a  single  carrier,  Table  II  gives  the  dependence  of  the  mea¬ 
sured  parameter  on  the  carrier  concentrations.  It  is  apparent 
that  of  the  three  optical  techniques  considered,  the  high- 
injection  lifetime  may  be  obtained  directly  from  all  three, 
assuming  that  the  measurement  is  truly  carried  out  in  the 
high-injection  limit  and  that  the  factor  of  2  correction  is  ap¬ 
plied  to  the  photoluminescence  (PL)  decay  time.  This  is  not 
the  case  at  low  injection,  however.  While  the  MCL  can  be 
determined  directly  by  low-injection  PL,  the  corresponding 
measurements  for  the  other  two  techniques  lead,  in  general, 
to  linear  combinations  of  electron  and  hole  contributions 
which  are  not  simply  related  to  tmcl.  For  these  techniques, 
measurement  under  low-injection  conditions  does  not  pro¬ 
vide  the  lifetime  of  the  minority  carrier. 

The  caveat  of  carrying  out  the  measurement  in  the  true 
high-injection  limit  is  not  trivial.  For  example,  the  measured 
dependence  of  the  PL  lifetime  upon  the  injection  level  is 
shown  in  Fig.  1(a)  for  a  3-in.,  4H-SiC  wafer  with  a  160  pm 
thick  n~  epilayer,  with  carrier  concentration  in  the 
mid-1014  cm-3  range.  The  range  of  injections  between  the 
high-  and  low-injection  limits  exceeds  two  orders  of  magni¬ 
tude,  so  that  a  measurement  can  be  carried  out  well  above  or 
well  below  the  doping  level  and  still  not  have  reached  the 
high-  or  low-injection  regimes.  TFCA  measurements  in  this 
material,  taken  at  the  same  position  on  the  wafer  as  the  PL 
decays,  are  also  shown  for  relatively  high  injections.  The 
expected  factor  of  2  difference  between  the  high-injection 
lifetimes  for  these  two  techniques  (Table  II)  is  readily  appar¬ 
ent  in  the  figure. 

The  injection  dependence  of  the  measured  lifetime 
shown  in  Fig.  1(a)  was  found  to  be  typical  of  n~  epilayers. 
For  example,  a  similar  measurement  on  an  unrelated  52  pm 
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10'°  1012  1014  10’*  10'* 
Carrier  Injection  (cm-3) 


FIG.  1.  Injection  dependence  of  the  PL  decay  time  for  (a)  sample  A  and  (b) 
sample  B.  The  PL  decay  time  is  compared  in  (a)  to  that  determined  by 
TFCA  at  the  same  location  on  the  sample.  The  factor  of  2  difference  in 
lifetime  expected  between  these  techniques  is  apparent.  The  solid  lines  are 
the  result  of  carrier  dynamics  simulations  described  in  Sec.  IV. 


thick  epilayer  (sample  B)  is  shown  in  Fig.  1(b)  for  injection 
levels  up  to  1016  cm"3.  The  injection  dependence  is  similar 
to  that  of  the  thicker  layer  and  the  carrier  lifetimes  in  this 
case  are  generally  longer,  presumably  due  to  a  smaller  defect 
concentration,  as  the  thinner  layer  should  be  more  seriously 
affected  by  surface  recombination,  yet  still  exhibits  consid¬ 
erably  longer  lifetimes. 

A  qualitative  comparison  between  the  three  optical 
techniques  can  be  seen  in  Fig.  2  in  the  form  of  lifetime 
maps  of  the  3-in.  wafer  of  Fig.  1(a),  taken  with  TRPL 
(1  X  1016  cm-3  injection,  average  lifetime  —270  ns),  TFCA 
(5  X  1016  cm-3  injection,  average  lifetime  —600  ns),  and 
/x-PCD  (>1X1016  cm"3  injection,  average  lifetime 
—700  ns).  In  addition  to  similarities  in  the  observed  spatial 
variation  of  the  lifetimes,  the  range  of  the  average  high- 
injection  lifetimes  over  the  wafer  tends  to  follow  Table  II 
reasonably  well.  While  some  of  these  results  were  obtained 
at  injection  levels  slightly  below  the  high-injection  limit,  it  is 
apparent  from  Fig.  1(a)  that  they  are  close  enough  to  reflect 
the  expected  similarity  between  the  TFCA  and  /J.-PCD  re¬ 
sults  and  their  differences  with  respect  to  the  TRPL  lifetimes. 


TRPL  TFCA  p-PCD 


FIG.  2.  (Color  online)  Carrier  lifetime  maps  of  sample  A  (3  in.  wafer) 
determined  by  TRPL,  TFCA,  and  /r-PCD  at  relatively  high  injection  (=1 
-5X1016  cm-3).  The  average  lifetimes  reflect  the  conclusions  in  Table  II 
for  high  injection. 


The  overall  message  suggested  by  Table  II  and  the  ear¬ 
lier  considerations  is  that  the  validity  of  carrier  lifetime  com¬ 
parisons  between  experimental  techniques  depends  very 
much  on  the  measurement  conditions  and  the  measurement 
technique  employed.  It  is  clear  that  care  must  be  taken  to 
ensure  that  the  same  physical  lifetime  is  being  probed  and 
that  environmental  factors,  such  as  injection  level  and  tem¬ 
perature  (considered  in  Sec.  IV),  be  taken  into  account. 
These  steps  still  leave  open  the  possibility  that  the  measured 
lifetimes  of  different  samples  will  reflect  different  levels  of 
surface  recombination.  Ideally  the  surface  recombination  ve¬ 
locity  (SRV)  could  be  measured  independently,  although  this 
is  not  always  practical. 


E.  Surface  recombination 

Up  until  this  point,  the  effects  of  surface  recombination 
have  been  neglected.  It  is  clear  from  Eq.  (1)  that  there  is 
direct  competition  between  the  bulk  and  surface  contribu¬ 
tions  to  the  measured  lifetime,  while  the  discussion  leading 
up  to  Table  II  considered  only  bulk  lifetimes.  A  fast  surface 
recombination  can  dominate  the  measured  lifetime,  distort¬ 
ing  much  of  the  injection-dependent  variations  suggested  in 
Table  II.  The  effect  of  the  surface  on  the  measured  recombi¬ 
nation  time  is  generally  treated  by  solving  the  carrier  conti¬ 
nuity  equation  with  appropriate  boundary  conditions  at  the 
top  and  bottom  surfaces  of  the  layer.-  The  solution  results  in 
a  transcendental  equation  for  the  surface  contribution  to  the 
lifetime,  involving  the  carrier  diffusion  coefficient  D ,  the 
layer  thickness  d,  and  the  SRV  at  each  of  the  surfaces.  Of  the 
various  approximations  that  are  often  employed  to  obtain  a 
simple  relationship  for  the  surface  recombination  rate,  a  use- 
ful  approach  involving  a  combination  of  the  low-  and  high- 
SRV  limits  has  been  shown  to  exhibit  very  good  agreement 
with  the  exact  solution-  and  is  given  by 


ts  \  ttD  257 


(8) 


This  approximation  assumes  that  the  surface  recombination 
velocity  5  is  identical  for  both  surfaces.  For  an  n~  epilayer 
grown  on  an  n+  substrate,  the  surface  and  interface  recombi¬ 
nation  velocities  may  be  quite  different.  In  that  case,  the 
value  of  5  determined  using  Eq.  (8)  must  be  regarded  as  an 
average  for  the  layer. 

The  magnitude  of  5  can  vary  over  a  wide  range,  depend¬ 
ing  on  the  nature  of  the  surface.  Depth-resolved  TFCA  mea¬ 
surements  have  been  used  to  assess  the  SRV  in  a  40  /xm 
4H-SiC  epilayer  that  was  exposed  to  various  surface 
treatments.  5  was  found  to  vary  from  5  X  10  cm/s  for  the 
as-grown  surface  to  5  X  105  cm/s  for  a  mechanically  pol¬ 
ished  surface.  Similarly,  TRPL  studies  determined  a  SRV  of 
2.5  X  103  cm/s  for  the  as-grown  surfaces  of  a  set  of  4H-SiC 
samples  with  varying  layer  thicknesses.  Thus,  taking  5 
—  5000  cm/s  for  the  as-grown  160  /xm  thick  layer  of  Fig.  1, 
Eq.  (8)  can  be  employed  to  estimate  the  high-injection  sur¬ 
face  recombination  rate,  with  the  ambipolar  diffusion 
coefficient  ’1  Da~  3  cm2/s.  For  the  sample  of  Fig.  1(a),  Eq. 
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(8)  results  in  a  surface  recombination  time  ts~  10  /zs,  which 
will  have  a  relatively  small  effect  on  the  —400  ns  measured 
high-injection  lifetime. 

While  considerations  in  this  section  have  been  focused 
on  the  high-  or  low-injection  limits  and  room  temperature,  in 
the  following  section  we  employ  carrier  dynamics  simula¬ 
tions  as  well  as  experimental  measurements  to  investigate 
how  the  carrier  lifetimes  vary  over  the  full  range  of  injection 
levels  and  temperatures  (100-1000  K). 

IV.  VARIATION  OF  CARRIER  LIFETIME  WITH 
INJECTION  AND  TEMPERATURE 

It  is  apparent  from  Fig.  1  that  lifetime  measurements  on 
the  same  sample,  carried  out  under  different  injection  condi¬ 
tions,  can  produce  very  different  results.  A  similar  situation 
holds  with  varying  temperature.  This  can  be  of  particular 
concern,  for  example,  when  comparing  room  temperature 
measurements  to  those  carried  out  on  an  operating  device 
running  at  elevated  temperature.  These  issues  are  addressed 
here  by  examining  the  behavior  of  the  carrier  lifetime  for 
arbitrary  temperature  and  injection,  employing  both  experi¬ 
mental  measurement  and  carrier  dynamics  simulations  for 
/7-type  4H-SiC,  assuming  a  single  dominant  recombination 
center.  The  latter  follows  from  the  recent  identification  of 
the  Z[/Z2  defect  as  the  center  controlling  the  MCL  in  this 
material.  When  the  concentration  of  this  defect  is  reduced 
sufficiently,  it  has  been  shown  recently^  "  that  other  defects  or 
surface  recombination  can  then  become  dominant. 

There  are  several  important  parameters  that  tend  to 
dominate  the  results  of  the  calculation  (as  well  as  the  ob¬ 
served  behavior).  The  sensitivity  of  the  calculated  lifetimes 
to  varying  injection  levels  is  primarily  governed  by  the  car¬ 
rier  capture  cross  sections  and  the  concentrations  of  both  the 
deep  defects  and  the  equilibrium  carriers.  Although  there  are 
several  parameters  that  are  temperature  dependent,  such  as 
capture  cross  sections  and  the  average  thermal  velocity  of  the 
carriers,  the  primary  contributor  to  the  temperature  variation 
of  the  lifetime  is  the  depth  of  the  defect  level(s)  from  the 
band  edge,  as  these  enter  exponentially  in  determining  the 
emission  rates  of  the  carriers  from  the  deep  centers.  The 
specific  nature  of  the  deep  defect  also  plays  a  significant  role. 
In  the  present  case,  the  Z,  /  Z2  defect  has  been  shown  to  be  a 
negative- U  center33  with  three  possible  charge  states  (-,0, 
+)  and  two  transitions  within  the  gap  {-10  and  0/+).  A  cal¬ 
culation  of  the  carrier  dynamics  must  take  this  internal  level 
structure  into  account.  Recombination  at  a  defect  containing 
two  interacting  levels  is  clearly  beyond  the  capability  of  the 
simple  SRH  model.  Sah  and  Shockley34  have  worked  out  the 

35 

statistics  appropriate  to  multiply  charged  defects  and  Choo 
has  applied  this  to  the  transient  case  in  the  low-injection 
limit.  By  employing  numerical  simulation  for  this  complex 
defect,  we  will  examine  the  full  range  of  injection  and  tem¬ 
perature  variation  of  the  lifetime. 

A.  Carrier  dynamics  simulation 

A  schematic  of  the  level  structure  of  ZXIZ2  in  4H-SiC  is 
shown  in  Fig.  3.  The  defect  has  been  identified  as  a  pair  of 
states  close  in  energy,  Z,  and  Z2,  and  thought  to  represent  the 


FIG.  3.  Schematic  level  scheme  for  carrier  capture  and  emission  at  the 
ZXIZ2  defect.  The  three  charge  states  of  Z1/Z2(-,0,+)  are  indicated,  result¬ 
ing  in  two  transitions:  1  for  (-/0)  and  2  for  (0/+).  Transitions  due  to  carrier 
capture  or  emission  are  indicated  by  solid  or  dashed  arrows,  respectively, 
with  corresponding  trap  depths  Ex  and  E2.  The  net  carrier  capture  rate  for 
each  transition  is  indicated  by  the  Rnj  and  Rpj. 

same  defect  (identified  as  a  carbon  vacancy-related 
36  37  33 

center  ’  )  on  cubic  and  hexagonal  lattice  sites/  For  sim¬ 
plicity,  however,  we  will  treat  this  center  as  a  single  complex 
defect.  The  quoted  parameters  (binding  energies  and  capture 
cross  sections)  that  follow,  which  will  be  employed  in  the 
calculation,  represent  averages  of  the  values  reported  in  Ref. 
33  for  the  two  states.  The  negative-!/  nature  of  the  defect 
means  that  it  can  trap  two  electrons  and  that  the  second  elec¬ 
tron  is  bound  more  tightly  than  the  first,  due  to  large  lattice 
relaxation  of  the  Z“  state.  Consequently,  in  n-type  material 
the  two-electron  Z~  state,  —0.62  eV  below  the  conduction 
band,  is  the  equilibrium  charge  state  at  room  temperature. 
Through  hole  capture  or  electron  emission  a  (-/0)  transition 
to  the  one-electron  Z°  state  [— £c-0.47  eV  (Ref.  33)]  can 
occur,  and  a  second  similar  transition  (0/+)  leads  to  the 
empty  Z+  state.  As  a  result  of  the  large  lattice  relaxation  of 
the  Z"  state,  the  energy  barrier  for  thermal  emission  of  an 
electron  also  includes  a  capture  barrier,  —0.07  eV,  making 
the  total  emission  barrier  for  Z-  —  0.69  eV. 

In  Fig.  3,  transitions  between  charge  states  are  repre¬ 
sented  as  diagonal  lines,  with  carrier  capture  indicated  as  a 
solid  line  and  carrier  emission  as  a  dashed  line.  The  Rnj  and 
Rpj  are  net  electron  and  hole  capture  rates  for  the  transitions 
y=l,2  corresponding  to  (-/0)  and  (0/+)  transitions,  respec¬ 
tively.  Referring  to  the  figure,  it  can  be  shown  that  the  net 
carrier  capture  rates  take  the  form 

Rnl  =  anl{nZP  -  n{Z~) , 

Rni  =  an2(nZ+  -  772Z°) , 

(9) 

Rpi  =  apiipZ  -piZP), 

Rp2  =  ap2(pZ?-P2Z+), 
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where  the  anj  and  apj  are  electron  and  hole  capture  coeffi¬ 
cients,  e.g.,  anj=anjvt\l  n,  with  electron  and  hole  capture  cross 
sections  crnj  and  crpj,  respectively,  uth  np=(3  kT/m*eh)112  are 
the  average  carrier  thermal  velocities  and  n,  p,  and  Zk  are 
the  electron,  hole,  and  Zj/Zt  (in  charge  state  k=-, 0,+) 
concentrations.  The  quantities  iij  and  pt  are  given  by"  rij 
=NC  exp[-(Ec-Ej)l kT\  and  pj=Nv  exp[-(Ej-Ev)l kT\,  with 
NC(T)  and  NV(T)  the  effective  density  of  states  for  the  con¬ 
duction  and  valence  bands,  respectively,  and  the  Ej  denote 
the  energy  separations  from  the  conduction  band  of  the  two 
defect  levels  (-/0)  and  (0/+).  The  time-varying  carrier  and 
defect  concentrations  are  determined  by  the  carrier  dynamics 
defined  by  Eq.  (9)  and  Fig.  3. 

It  is  convenient  to  carry  out  the  calculations  with  carrier 
and  defect  concentrations  defined  in  terms  of  equilibrium 
values  and  their  variations  from  equilibrium,  so  that  n{t) 
=n0+Sn(t),  p(t)=p0+  Sp(t),  and  Zk(t,T)=Zkj(T)  +  SZk(t  ,T), 
where  the  zero  subscripts  denote  equilibrium  values  and  the 
initial  defect  populations  are  temperature  dependent.  A  cal¬ 
culation  of  the  equilibrium  defect  concentrations  (see  Sec. 
IV  C  2)  indicates  that  the  Zj/Z2  centers  are  essentially  all  in 
the  Z“  state  for  temperatures  <500  K,  due  to  the  depth  of 
the  defect  levels  below  the  conduction  band.  In  general, 
however,  the  equilibrium  defect  concentrations  are  tempera¬ 
ture  dependent.  This  enters  the  calculations  as  a  temperature 
dependent  initial  condition. 

For  fixed  defect  concentration  and  charge  conservation, 
we  also  require 


S  szk  =  o, 

k 

Sn  -  Sp=  SZP  +  2SZ+. 


(10) 


Equation  (10)  enables  the  elimination  of  two  of  the  five  time- 
dependent  variables;  Sn,  Sp,  and  SZk.  Consequently,  along 
with  Eq.  (9),  the  time  dependences  of  the  carrier  and  defect 
concentrations  after  the  end  of  the  exciting  pulse  are  deter¬ 
mined  by 


ddn 

dt 


~  ~  (Rnl  +  Rnl)-> 


dSp 

dt 


-  -  (Rpi  +  Rpi)i 


(ll) 


dSZ~ 


where  the  net  capture  rates,  written  in  terms  of  variations 
from  equilibrium,  take  the  form 

Rn i  =  a„|{(«o  +  Sn)[Sp  -  Sn  -  2SZT  +  Z$] 

-”t[Zo  +  <5Z~  ]}, 

Rn 2  =  fl„2{(n0  +  Sn)[Sn  -  Sp  +  SZ~  +  Zj] 

-n2[Sp- Sn-2SZ~  +  Z%]},  (12) 


Rpi  =  apl[(p0  +  Sp){ZrQ  +  SZ~) 

- Pi\_Sp  -  Sn  -  2SZ~  +  zJJ]], 

Rpi  =  ap2[(p0  +  <5f)[  Sp  -  Sn  -  2SZ~  +  Z°0 )] 

-  p2(Sn  —  Sp  +  SZ~  +  Zjj)] . 

For  n-type  SiC,  pQ<^n0,  Sn,  Sp  and  can  be  neglected.  With 
appropriate  initial  conditions,  the  solution  to  Eqs.  (10)— (12) 
provides  the  time-dependent  carrier  and  defect  concentra¬ 
tions,  from  which  instantaneous  carrier  lifetimes  may  then  be 
determined,  Tn(t)  =  \-{d Sn / dt) /  <5«]-1  and  Tp(t)  =  [-{dSpl dt) I 
Sp]~'. 

Similarly,  the  instantaneous  PL  decay  rate  may  also  be 
obtained:  tplM  =  l-(dIPL/ dt)  /  /PL(f)]- 1 .  With  /PL(f)  in  the 
form  of  Eq.  (5),  it  is  straightforward  to  show  that  the  PL 
lifetime  is  related  to  the  carrier  lifetimes  through 

1  _  1  1 

TplM  Tp{t)  T„(t ) 

where  both  rn{t )  and  Tp(t)  depend  upon  the  time-varying 
defect  concentrations.  Equation  (13)  yields  the  same  high- 
and  low-injection  PL  decay  times  as  noted  in  Sec.  Ill  B, 
rPL(  Sn  ->  °°)  ->  thl/  2  and  tpl(  8n-+  0)  ^  Tp  — ►  rMCL. 

The  injection  level  g  enters  the  calculation  as  an  initial 
condition  for  the  carrier  concentrations:  <5«(0)  =  <5p(0)  =  ,g. 
The  temperature  variations  of  the  nonequilibrium  carrier 
concentrations  and  their  lifetimes  are  determined  by  the  tem¬ 
perature  dependent  parameters  in  the  calculation.  The  and 
Pj  vary  as  T312  exp[-£j/k7’]  and  dominate  over  the  tempera¬ 
ture  dependence  of  the  c/„;  and  apj,  which  vary  as  7’12,  in 
addition  to  any  temperature  variation  of  the  capture  cross 
sections.  For  T>  100  K,  the  equilibrium  carrier  concentra- 
tion  is  in  the  saturation  range,  so  the  equilibrium  carrier 
concentration  n0  may  be  taken  as  temperature  independent. 


Sn(t) 

n0  +  Sn(t ) 


(13) 


B.  Calculation  parameters 

The  solution  of  Eqs.  (10)— (12)  leads  to  the  determination 
of  the  time,  injection,  and  temperature  dependence  of  the 
carrier  concentrations  and  their  lifetimes  and  of  the  concen¬ 
trations  of  the  three  ZlIZ2  charge  states.  The  extent  to  which 
these  results  are  representative  of  what  is  observed  experi¬ 
mentally  is  very  dependent  upon  the  material  parameters  em¬ 
ployed  in  the  calculation.  Many  of  these  have  been  mea¬ 
sured,  however,  and  are  available  in  the  literature. 

Effective  masses  for  4H-SiC,  necessary  for  evaluating 
the  valence  and  conduction  band  densities  of  states  and  the 
average  thermal  velocities,  have  been  determined  by  Son  et 
air  Trap  depths  and  electron  capture  cross  sections  for 
Z\IZ2  were  reported  by  Hemmingsson  et  al:  As  noted  ear¬ 
lier,  the  closely  spaced  Z,  and  Z2  centers  will  be  treated  as  a 
single  defect,  with  averages  of  their  similar  parameters  em¬ 
ployed  in  the  calculation.  While  Hemmingsson  et  al.  have 
measured  the  temperature  dependent  (0/-)  electron  capture 
cross  section  crnl,  the  (+/0)  electron  capture  cross  section 
cr„2  reported  by  this  group  and  by  several  others40-43  falls 
into  the  range,  crn2~  (1  -20)  X  10-15  cm2.  This  wide  range 
results  from  the  fact  that  these  values  are  obtained  as  an 
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TABLE  III.  Parameters  employed  in  the  numerical  solution  of  Eqs.  (10) — (12). 


Parameter 

Symbol 

Value 

Reference 

Note 

-/0  trap  depth 

£i 

0.62  eV 

33 

a 

0/+  trap  depth 

e2 

0.47  eV 

33 

a 

0/-  capture  barrier 

Eb 

0.07  eV 

33 

a 

0/ —  e~  capture  cross  section 

(Tn\ 

1.5  X  10“15e“00™r  cm2 

33 

a 

+/0  e~  capture  cross  section 

a n2 

(1  -20)  X  10-15  cm2 

33  and  40-43 

=(2—4)  X  10-15  cm2 

This  work 

c 

-/0  h+  capture  cross  section 

°>1 

3.5  X  10-14  cm2 

30 

0/+  h+  capture  cross  section 

O-pl 

«(1-2)X  10“14  cm2 

This  work 

c 

e~  long,  effective  mass 

* 

mel 

0.30  ma 

39 

e~  trans.  effective  mass 

* 

m 

0.45ra0 

39 

h+  long,  effective  mass 

* 

mh, 

1.75m0 

39 

h+  trans.  effective  mass 

* 

0.66m0 

39 

Z\/Z2  concentration 

N 

10u-1014  cm-3 

b 

Equilibrium  carrier  concentration 

”0 

1014-1015  cm-3 

b 

“Average  of  Zx  and  Z2  values  determined  in  Ref.  33. 
bTypical  range  of  concentrations  found  in  n~  epilayers. 

“Range  of  fitted  parameter  determined  for  the  three  samples  A.  B,  and  C  (Table  I). 


extrapolation  of  measured  data  and  whether  or  not  tempera¬ 
ture  dependence  has  been  assumed  for  the  capture  cross  sec¬ 
tion.  Because  of  this  uncertainty,  the  value  of  crn2  was  esti¬ 
mated  here  by  varying  crn2  to  match  the  experiment. 

The  room  temperature  hole  capture  cross  section  for  the 
-/0  transition  has  been  determined  experimentally,  crpl 
=  3.5  X  HP14  cm3.  The  cross  section  for  0/+  hole  capture 
has  not  been  measured,  although  deep  level  transient  spec¬ 
troscopy  (DLTS)  measurements  on  forward  biased  p-i-n 
structures  have  shown  that  cr„2  and  <y.)2  should  be  of  roughly 

30  ' 

comparable  magnitudes.  Consequently,  crn2  was  also  varied 
to  optimize  the  agreement  between  calculated  and  measured 
behavior.  The  remaining  parameters  are  the  concentration  of 
ZXIZ2  defects  N  and  the  equilibrium  carrier  concentration  n0. 
These  vary  from  one  sample  to  another  and  typical  values  are 
used  in  the  generic  calculations.  When  comparing  to  experi¬ 
mental  data,  measured  values  of  n0  are  used.  However,  as 
DLTS  measurements  were  not  available  for  the  samples  stud¬ 
ied  here,  the  total  defect  concentrations  were  determined  di¬ 
rectly  from  the  measured  low-injection  carrier  lifetimes, 
t yic]  =  ( tip  |  /V)~ 1  ■  The  set  of  parameter  values  employed  in  the 
calculations  are  summarized  in  Table  III. 


C.  Results  and  discussion 

The  calculated  temporal  response  of  the  carrier  and  de¬ 
fect  concentrations  will  in  large  part  be  determined  by  the 
complex  nature  of  the  defect  and  by  the  specific  material 
parameters  employed.  While  this  response  will  vary  widely 
as  a  function  of  injection  and  temperature,  there  are  several 
qualitative  features  apparent  in  Table  III  that  will  have  a 
dominating  effect  on  the  results.  These  are  (1)  the  capture 
cross  sections  cr„2(+/0),  £rpl(-/0),  and  op2( 0/+)  are  all 
roughly  comparable  and  ^^[(-/O);  (2)  because  the  band 
gap  of  SiC  is  large  and  the  two  charge  state  transitions  are  in 
the  upper  half  of  the  band  gap,  the  activation  energies  for 
hole  emission  are  quite  high,  >2.5  eV,  so  that  hole  emission 
is  essentially  negligible  for  the  temperature  range  considered 


here  (100-1000  K);  and  (3)  the  large  depth  below  the  con¬ 
duction  band  of  the  ZxtZ2  defect  states  makes  electron  emis¬ 
sion  processes  negligible  for  T <  500  K. 

1.  Dependence  on  carrier  injection 

In  order  to  carry  out  generalized  simulations,  it  was  first 
necessary  to  obtain  reasonable  estimates  for  the  parameters 
crn2  and  crp2.  The  measured  injection  dependence  of  the  PL 
decay  time  was  shown  in  Fig.  1  for  samples  A  and  B.  Both 
dependences  were  fitted  reasonably  well  by  the  solution  of 
Eqs.  ( 1 0)— ( 1 2)  for  cr„2=  (2-4)  X  10-15  cm2  and  crp2=(  1 
-2)  X  10-14  cm2,  as  shown  by  the  solid  lines  in  Fig.  1.  These 
same  capture  cross  sections  also  provided  a  reasonable  fit  to 
the  temperature  dependence  of  the  PL  decay  time  for  sample 
C  (see  next  section).  Using  these  parameters,  simulations  ex¬ 
hibiting  general  trends  in  the  recombination  kinetics  could 
then  be  carried  out,  such  as  those  shown  in  Fig.  4. 

Figure  4(a)  shows  the  simulated  time  dependence  of  the 
carriers  and  the  ZXIZ2  charge  states  at  300  K  at  high  initial 
injection  (g=l  X  1016  cm-3)  for  a  typical  n~  epilayer  with 
N=  1  X  1013  cm-3  and  equilibrium  carrier  concentration  n0 
=  4X  1014  cm"3.  At  300  K  the  defects  are  initially  all  in  the 
Z~  state.  It  should  be  noted  that  the  dependence  of  the  carrier 
lifetime  upon  injection  can  be  seen  qualitatively  from  the 
change  in  the  decay  rate  of  the  carriers,  as  increasing  time 
corresponds  to  a  monotonically  decreasing  nonequilibrium 
carrier  concentration.  The  figure  shows  that  the  return  to 
equilibrium  after  a  short  excitation  pulse  can  be  followed 
through  four  stages  of  decay.  The  first  phase  (denoted  as  “I” 
in  the  figure)  is  dominated  by  rapid  hole  capture  [on  a  time 
scale  (apXg)~l  =  240  ps]  by  the  Z“  state,  rapidly  depleting  the 
Z"  concentration  and  building  up  a  substantial  population  of 
Z°  and  Z+. 

Phase  II  defines  the  “high-injection”  regime.  At  high  in¬ 
jection,  Sn=  Sp^$>n0  and  the  nonequilibrium  electron  and 
hole  concentrations  decay  at  the  same  rate:  r„  =  rp=THL.  For 
clarity  we  first  assume  7’<  500  K,  so  that  carrier  emission 
can  be  neglected  (nx,  «2<C  Sn),  although  extension  to  arbi- 
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FIG.  4.  Simulated  time  dependence  of  the  earner  concentrations  and  defect 
charge  states  following  a  short,  above-gap  optical  pulse,  for  (a)  1 
X  1016  cm"3  injection  and  (b)  1  X  1014  cm'3  injection.  Typical  defect  and 
equilibrium  carrier  concentrations  of  /V- 1  X  1 013  cm-3  and  w0=4 
X  1014  cm"3,  respectively,  are  assumed.  In  (a)  four  stages  of  decay  of  the 
carrier  system  are  indicated.  The  corresponding  evolution  of  the  PL  and 
carrier  lifetime  are  shown  in  (c). 


trary  temperature  is  straightforward.  The  time  dependence  of 
the  Z~  and  Z+  concentrations  can  be  determined  from 
dZ~/dt=Rltl-Rpl  and  dZ+  / dt=Rp2-Rn2  (see  Fig.  3).  From 
Eq.  (9),  this  can  be  written  {T <500  K),  for  the  high  injec¬ 
tion  regime,  as 


dZ  (/)  , 

- +  aplSnZ  (/)  =  altiSnZr(t) , 

dt 

- — —  +  an2SnZ+(t)  =  ap2SnZ?(t) . 

sit  ' 


(14) 


The  characteristic  times  over  which  Z~  and  Z+  vary, 
(, apiSn)~l  and  ( an2SnYl ,  respectively,  are  rather  short  at  high 
injection:  —240  ps  and  1.5  ns  at  1  X  1016  cm"3  injection. 
For  times  much  longer  than  this,  the  Zk{t)  approach  their 


quasisteady-state  (QSS)  levels  (f— >°°),  with  the  dZk/dt~  0. 
Equation  (14)  then  becomes 


flpl^QSS  —  ^/U-ZqsS’ 
an2^QSS  ~  ap2^Q$,S  ■ 


(15) 


As  long  as  the  decaying  carrier  concentration  remains  high 
enough  to  stay  within  the  high  injection  regime,  the  defect 
concentrations  will  be  slow-varying  near  their  QSS 
levels — as  can  be  seen  in  the  region  “II”  in  Fig.  4(a).  Equa¬ 
tion  (15)  reflects  the  same  balance  of  electron  and  hole  cap¬ 
ture  at  each  transition  (-/0  and  0/+)  that  occurs  during  ther¬ 
mal  equilibrium.  Equation  (15)  and  the  condition  2ZA’=/V 
allows  the  determination  of  the  QSS  defect  concentrations, 
Zqss,  *n  terms  of  N  and  the  capture  coefficients.  These  ap¬ 
pear  in  the  Appendix,  but  without  restriction  on  temperature. 

As  the  decaying  nonequilibrium  carrier  concentration 
approaches  n0,  the  electron  and  hole  concentrations  begin  to 
diverge  and  the  decay  enters  into  phase  III,  a  transition  be¬ 
tween  high  and  low  injection  regimes.  The  depleted  Z“  con¬ 
centration  is  slowly  restored  through  0/-  electron  capture 
while  the  Z+  concentration  is  reduced  by  +/0  electron  cap¬ 
ture.  The  restoration  of  the  Z“  concentration  leads  to  an  in¬ 
crease  in  the  -/0  hole  capture  rate,  resulting  in  an  acceler¬ 
ated  decay  of  Sp.  Phase  III  is  similar  to  decay  under  low- 
injection  excitation,  as  seen  by  comparing  to  Fig.  4(b),  which 
represents  decay  with  a  lower  initial  injection  of  1 
X  1014  cm  3.  Aside  from  a  time  shift  of  several  microsec¬ 
onds  ( ps ),  corresponding  to  the  time  for  the  high  injection 
carrier  concentration  in  Fig.  4(a)  to  decay  down  to  —  1 
X  1014  cm-3,  the  two  sets  of  decays  are  essentially  identical. 
It  is  also  apparent  from  Fig.  4(b)  that  under  low  injection 
conditions  phase  II  is  absent. 

In  the  final,  low-injection  stage  of  decay,  phase  IV, 
where  the  Z+  are  essentially  depleted,  Z~  —  /V  and 
Sp<tiSn<^n0,  the  nonequilibrium  electron  concentration 
must  be  identical  to  Z°,  where  essentially  all  of  the  remaining 
trapped  holes  reside.  With  Z~~N,  Sp  decays  with  the  MCL 
Tp=(aplNYl ,  while  the  0/-  transition  of  the  last  recombining 
electrons  leads  to  the  low  level  electron  lifetime  r„ 
a(a«t«o)_1- 

The  decay  for  the  high-injection  case  in  Fig.  4(a)  may 
also  be  described  by  the  time  dependence  of  the  instanta¬ 
neous  carrier  lifetimes,  as  shown  in  Fig.  4(c).  Here  phase  II 
(high  injection,  t„  =  rp)  and  phase  IV  (low-injection  limit) 
are  quite  apparent.  The  PL  decay  time  is  also  shown,  with  a 
clear  evolution  from  high  injection  at  early  times  (tpl 
=  thl/2)  to  low  injection  (tpl=  tmcl)  behavior  at  later  times. 
The  complicated  behavior  of  t„  in  phase  III  results  from  the 
rapid  decrease  in  the  Z+  concentration,  which  reduces  the 
total  electron  capture  rate  and  increases  r„.  The  small  0/- 
electron  capture  coefficient  {anil an2<^.  1)  makes  this  effect 
particularly  apparent. 

An  expression  for  the  high-injection  lifetime  can  be  ob¬ 
tained  from  the  QSS  defect  concentrations  in  Eq.  (15)  (see 
Appendix),  since  at  high  injection  (and  500  K)  th|  = 
-(dSnl dt) /  <5n  =  (a„1Z^ss+fl„2Z^ss).  This  results  in  the  high 
level  lifetime 
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nl)  (anl+ap2)N-  (16) 

\  a„ 2  ap  i/ 

Since  for  4H-SiC,  an\<^api,  ap2  the  high  injection  lifetime 
for  T <  500  K  simplifies  to 


(17) 

an2  +  ap2 

In  the  low  injection  limit,  the  minority  carrier  lifetime  was 
given  by  TMCL=(aplN)~l .  Combining  this  with  Eq.  (17)  pro¬ 
vides  an  expression  for  the  ratio  of  high-injection  to  low- 
injection  lifetimes 

,  ,  ^  api(a,l2  +  ap2) 

( W  7mcl)  = - ■  (18) 

an2ap2 

This  ratio  is  only  a  function  of  the  capture  coefficients 
for  T<  500  K  and  may  be  compared  directly  to  experi¬ 
ment.  At  300  K,  using  the  parameters  in  Table  III,  we  find 
(thl/  tmcl)3oo  k=  10-  Since  the  PL  decay  time  at  high  injec¬ 
tion  is  half  the  carrier  lifetime 


(W  tmcl)pl  - 


TPh(Sn  ->  co) 
rPL(Sn  ->  0) 


2(Wtmcl)- 


(19) 


Consequently,  the  ratio  of  high-  to  low-injection  PL  lifetimes 
is  expected  to  be  (thl/tmcl)PL300  k=5-  This  agrees  quite 
well  with  the  measured  injection  dependences  shown  for 
samples  A  and  B  in  Ligs.  1(a)  and  1(b). 

With  the  inclusion  of  thermal  emission,  similar  results 
are  obtained  without  restriction  on  temperature,  as  indicated 
in  the  Appendix. 


2.  Dependence  on  temperature 

Since  the  temperature  dependence  of  the  decaying  non¬ 
equilibrium  carrier  concentration  is  expected  to  be  domi¬ 
nated  by  carrier  emission  from  deep  centers,  increasing  tem¬ 
perature  will  lead  to  longer  lifetimes,  as  the  emission  process 
tends  to  repopulate  the  decaying  carrier  concentration.  Since 
the  emission  barrier  for  holes  from  ZXIZ2  is  so  large,  as  was 
noted  earlier,  hole  emission  processes  do  not  contribute  sig¬ 
nificantly  for  T<  1000  K. 

In  Lig.  5(a)  the  temperature  dependence  of  the  PL  decay 
time  measured  for  sample  C  (open  squares)  is  compared  to 
the  simulated  behavior  (closed  circles).  The  injection  level  of 
the  experiment  was  set  at  1  X  1014  cm~3.  The  calculated  PL 
lifetime  exhibits  a  sharp  increase  near  500  K,  reproducing 
the  observed  behavior  reasonably  well.  The  simulation  was 
carried  out  with  crn2=3X10-15  cm2  and  ap2  =  1 .4 
X  10-14  cm2 — very  close  to  the  values  used  to  calculate  the 
injection  dependences  for  samples  A  and  B  (see  Table  I).  The 
experimental  data  are  compared  to  that  of  Kordina  et  a/.44 
(filled  diamonds).  Over  their  common  range  of  temperature 
the  two  sets  of  data  agree  reasonably  well.  However,  the 
experiment  does  not  reproduce  the  sharpness  of  the  “knee” 
of  the  calculated  curve  near  500  K.  This  may  be  a  result  of 
the  model,  which  assumes  that  the  Z,/Z2  defect  is  the  only 
recombination  center  contributing  to  the  lifetime.  A  more 
gradual  transition  near  500  K  could  result  from  contribution 
to  the  lifetime  from  additional  recombination  centers  that 
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FIG.  5.  (a)  Measured  temperature  dependence  of  the  PL  lifetime  for  sample 
C  (open  squares)  compared  to  the  simulated  behavior  (solid  circles)  using 
the  parameters  in  Tables  I  and  III.  The  temperature  dependence  of  the  life¬ 
time  reported  by  Kordina  et  al.  (Ref.  44)  shown  as  filled  diamonds,  com¬ 
pares  well  with  the  present  measurements.  The  temperature  dependence  of 
the  three  ZXIZ2  charge  state  concentrations  resulting  from  the  simulation  in 
(a)  at  0.5  /as  is  shown  in  (b),  where  the  effects  of  electron  emission  and, 
at  higher  temperature,  hole  emission  are  evident. 


have  a  lower  thermal  activation  energy  than  Zj/Z2.  One  rea¬ 
sonable  candidate  is  the  shallow  boron  acceptor,  with  EA 
=  0.27  eV,45'46'49  that  is  an  important  hole  trap  in  typical  n~ 
epilayers.  These  centers  are  compensated  in  n-type  material 
and  could  contribute  to  minority  carrier  capture.  With  in¬ 
creasing  temperature,  the  trapped  holes  can  become  thermal- 
ized,  increasing  the  free  carrier  concentration,  and  conse¬ 
quently,  the  carrier  lifetime,  in  the  temperature  range  below 
500  K.  The  calculated  temperature  dependence  just  above 
500  K  was  found  to  be  primarily  the  result  of  electron  emis¬ 
sion  from  Z°  (0/  +  transitions),  with  emission  barrier  E2 
=  0.47  eV  (Table  I). 

The  simulated  temperature  dependences  of  the  three 
Zj/Z2  charge  states  corresponding  to  Lig.  5(a)  are  shown  in 
Lig.  5(b)  for  /  =  0.5  /us  after  the  exciting  pulse.  It  is  apparent 
from  the  figure  that  the  knee  near  500  K  is  associated  with  a 
decrease  in  the  Z°  concentration  and  a  corresponding  in¬ 
crease  in  the  Z+  concentration,  clearly  indicating  the  0/4- 
transition.  As  expected,  the  decreasing  Z“  and  Z°  concentra¬ 
tions  at  increasingly  higher  temperatures  also  reflect  thermal 
activation  energies  close  to  Ex  and  E2,  respectively.  How¬ 
ever,  the  actual  temperature  dependence  above  500  K  is 
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FIG.  6.  Calculated  temperature  dependence  of  the  equilibrium  Z-^IZ-i  charge 
states.  The  population  of  the  equilibrium  charge  states  determines  the  initial 
conditions  of  the  carrier  dynamics  simulations.  The  negative-  U  nature  of  the 
defect  prevents  the  Z°  state  from  gaining  significant  population,  as  noted  in 
the  DLTS  studies  of  Hemmiingsson  et  al.  (Ref.  33). 

complex,  as  T 3/2  contributions  from  the  np  7’1  2  contributions 
from  the  capture  coefficients  and  the  temperature  dependent 
initial  conditions  combine  with  the  thermally  activated  be¬ 
havior.  As  the  temperature  approaches  1300  K,  thermal  hole 
emission  becomes  activated,  appearing  in  Fig.  5(b)  first  as  a 
rapid  increase  in  Z~  as  holes  from  Z°  are  emitted,  and  then  as 
a  rapid  increase  in  Z°  near  1600  K  as  holes  are  emitted  from 
Z+. 

While  varying  the  temperature  affects  the  carrier  lifetime 
primarily  through  the  temperature  dependent  parameters  in 
Eqs.  (11)  and  (12),  it  also  changes  the  equilibrium  distribu¬ 
tion  of  the  three  Z|  /Z2  charge  states.  This  changes  the  con¬ 
ditions  existing  at  the  arrival  of  the  exciting  pulse  and  can 
affect  the  resulting  nonequilibrium  carrier  decay.  This  was 
taken  into  account  as  a  temperature  dependent  initial  condi¬ 
tion  in  the  solution  of  Eq.  (11).  These  conditions  are  deter¬ 
mined  by  the  temperature  dependence  of  the  equilibrium 
charge  state  concentrations,  which  can  be  evaluated  by  set¬ 
ting  dSZ~  I  dt=RnX-RpX=0  and  dSZ+l dt=Rp2-R„ 2=0,  with 
the  Rjk  of  Eq.  (12)  determined  for  the  equilibrium  condition 
Sn=Sp  =  0.  The  resulting  temperature  dependence  is  shown 
in  Fig.  6.  It  is  apparent  from  the  figure  that  in  equilibrium 
and  below  500  K,  essentially  all  the  defects  are  in  the  Z~ 
state,  while  above  650  K  they  are  essentially  all  in  the  Z+ 
state.  In  the  narrow  temperature  window  between  these  lim¬ 
its,  the  Z°  state  never  populates  more  than  about  5%  of  the 
defects.  In  essence,  with  increasing  temperature,  the  equilib¬ 
rium  defect  concentration  switches  from  to  “+”  charge 
states.  This  is  a  result  of  the  negative-!/  nature  of  Zx/Z2: 
With  all  the  defects  in  the  Z~  state  at  low  temperature  and  the 
depth  of  the  Z“  trap  greater  than  that  of  Z°,  when  the  tem¬ 
perature  is  increased  high  enough  to  thermalize  carriers  from 
Z“,  the  resulting  Z°  centers  (with  lower  trap  depth)  are  im¬ 
mediately  thermalized  to  the  Z+  state.  This  is  precisely  the 
same  mechanism  reported  by  Hemmingsson  et  al.  to  ex¬ 
plain  the  quenching  of  the  Z°  DLTS  signal  and  to  identify  the 
Z1/Z2  DLTS  signature  as  an  effective  -/+  transition. 


3.  Contribution  of  the  EH6/EH7  defect  to  the  carrier 
lifetime 

The  carrier  dynamics  simulations  thus  far  have  assumed 
a  single  deep  defect — the  Zx/Z2  center.  However,  the  DLTS 
spectra  of  typical  n~  4H-SiC  epilayers  are  dominated  by  two 
electron  traps:  ZXIZ2  and  EH6/EH7.  It  is,  therefore,  useful  to 
consider  the  extent  to  which  EH6/EH7  affects  the  carrier 
lifetimes.  Toward  this  end,  simulations  were  carried  out  in¬ 
corporating  both  Z|  / Z2  and  EH6/EH7  defects.  The  latter  is  a 
midgap  trap,  E6n=  1.55  eV,  with  electron  capture  cross  sec¬ 
tions  reported4’'46-3"  in  the  range  (1-90X  10-14  cm2). 

An  additional  electron  trap  with  filled  and  empty  charge 
states  M~  and  M°,  respectively,  may  be  incorporated  into  the 
simulations  by  including  additional  electron  and  hole  capture 
rates,  Rni  and  Rp2,  in  Eq.  (9),  analogous  to  those  of  ZXIZ2,  as 
well  as  an  additional  relationship  in  Eq.  (11):  dSM~ldt 
=Rn2-Rp3,  where  M=M~+M°  is  the  total  concentration  of 
EH6/EH7  defects.  The  capture  rates  are  Rn3  =  an3(riM° 
-n3M~),  and  Rp3  =  ap3(pM~-p3M°).  Here  an3  and  ap 3  are  the 
electron  and  hole  capture  coefficients  and  n3  and  p3  are 
analogous  to  their  definitions  for  ZxtZ2  and  are  both  negli¬ 
gible  for  the  temperature  range  considered  here,  due  to  the 
large  depth  of  the  midgap  trap.  Additionally,  the  charge  con¬ 
servation  relationship  in  Eq.  (10)  must  also  be  modified  to 
reflect  the  additional  defect. 

The  wide  range  of  reported  electron  capture  cross  sec¬ 
tions  noted  earlier  results  from  the  fact  that  these  were  de¬ 
termined  by  extrapolations  of  Arrhenius  plots  of  the  emission 
time  constant.  However,  Hemmingsson  et  al .50  have  deter¬ 
mined  crn3  directly  by  measuring  the  dependence  of  the  ca¬ 
pacitance  transient  on  the  width  of  the  filling  pulse.  They 
determined  from  this  measurement  that  cr„3  =  5  X  10  15  cm2. 
Consequently,  this  value  will  be  used  in  the  simulations  for 
EH6/EH7.  The  hole  capture  cross  section,  crp3,  has  not  been 
measured  for  EH6/EH7.  However,  DLTS  measurements  as  a 
function  of  forward  bias  in  p-i-n  diode  structures,  described 
briefly  in  Sec.  IV  B  for  the  ZXIZ2  defect,  were  carried  out  for 
the  EH6/EH7  defect  as  well.’11  While  the  Z , / Z2  concentra¬ 
tions  decreased  significantly  with  increasing  forward  bias, 
indicating  a  charge  state  transition  due  to  capture  of  the  in¬ 
jected  holes,  the  EH6/EH7  signal  was  unaffected  by  the  pres¬ 
ence  of  a  large  injected  hole  concentration  at  high  bias.  This 
indicated3"  a  small  capture  cross  section  for  holes  for 
EH6/EH7.  This,  coupled  with  a  substantial  capture  cross  sec¬ 
tion  for  electrons,  indicates  that  EH6/EH7  would  be  expected 
to  be  an  effective  electron  trap  but  an  ineffective  recombina¬ 
tion  center.  To  reflect  this  in  the  simulations,  a  hole  capture 
cross  section  of  1  X  10-17  cm2  was  assumed. 

The  calculated  evolution  of  the  carrier  and  ZXIZ2  defect 
concentrations,  similar  to  that  of  Fig.  4(a),  is  shown  in  Fig.  7 
at  an  initial  injection  of  1  X  1016  cm-3  for  three  EH6/EH7 
concentrations  (0, 1 ,5)  X  1014  cm-3.  It  is  clear  from  the  fig¬ 
ure  that  the  EH6/EH7  concentration  must  substantially  ex¬ 
ceed  1  X  10 14  cm-3  in  order  to  affect  the  results,  as  the  cal¬ 
culated  behavior  for  the  two  lower  concentrations  was 
identical.  While  such  high  levels  can  be  attained  through 
electron  irradiation,46  the  concentration  of  EH6/EH7  in  typi¬ 
cal  as-grown  epilayers  is  usually46'47  <1  X  1013  cm’3  and  is 
roughly  comparable  to  that  of  ZXIZ2,  as  the  two  defects  are 
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tHL  -  (th,QSs)  1  -  ( VQSs)zi/Z2  +  (th,QSs)eH6/7’  (23) 

where  the  contribution  of  EH6/EH7  to  the  high-level  lifetime 
is 

(tHL,QSs)eH6/7  =  fl«3-^QSS  =  2  ^  ■  (24) 

an3  +  ap3 

It  is  clear  from  Eqs.  (22)  and  (24)  that  the  small  hole  capture 
cross  section  also  limits  the  contribution  of  EH6/EH7  to  both 
the  hole  lifetime  and  the  high-injection  level  lifetime. 


V.  SUMMARY 


FIG.  7.  Simulated  time  dependence  of  the  Zl/Z2  charge  states  and  carrier 
concentrations,  analogous  to  Fig.  4(a),  but  with  the  inclusion  of  both  Zl/Z2 
and  EH6/EH7  defects.  The  solid,  dotted,  and  dashed  lines  correspond  to 
EH6/EH7  concentrations  of  0,  1  X  1014  cm-3,  and  5X1014  cm-3,  respec¬ 
tively.  Initial  injection  is  at  1  X  1016  cm-3. 


thought  to  both  be  related  to  the  carbon  vacancy.36,37  The 
ineffectiveness  of  EH6/EH7  in  influencing  the  lifetime  is 
clearly  a  result  of  the  small  hole  capture  cross  section:  With 
the  defects  all  filled  at  equilibrium  and  carrier  emission  neg¬ 
ligible  due  to  the  depth  of  the  defect,  interaction  between 
EH6/EH7  and  the  carrier  system  must  involve  hole  capture, 
which  is,  therefore,  the  rate-limiting  process. 

The  effect  of  introducing  EH6/EH7  defects  is  to  reduce 
the  carrier  lifetimes,  while  the  magnitude  of  this  effect  de¬ 
pends  on  the  defect  concentration  and  capture  cross  sections. 
This  can  be  seen  in  more  detail  using  extended  versions  of 
Eqs.  (9)  and  (11)  that  include  EH6/EH7.  Thus, 


d  Snl  dt 
Sn 


(R,1 1  +  R,il  +  Rn  3) 

Sn 


:  iTn)z\!Z2  +  Fn') 


EH6/7  > 


(20) 


where  the  additional  contribution  to  the  lifetime  by  EH6/EH7 
is 


(^1)EH6/7  =  ^  =  «„3M0(f)(l  +  2).  (21) 

Because  api  is  small,  it  is  difficult  to  buildup  a  substantial 
M°  concentration  through  hole  capture.  Consequently,  the 
contribution  from  EH6/EH7  in  Eqs.  (20)  and  (21)  is  expected 
to  be  relatively  small  as  well.  As  is  evident  in  Fig.  7,  this  can 
be  compensated  for  to  some  degree  if  a  large  EH6/EH7  con¬ 
centration  exists. 

A  similar  case  exists  for  holes  and  the  contribution  of 
EH6/EH7  to  the  hole  lifetime  is 

(tp1)eh(,h  =  ~jr  =  (f).  (22) 

At  high  injection,  the  contribution  of  EH6/EH7  to  the  high- 
level  lifetime  thl  is  determined  by  its  QSS  charge  state  con¬ 
centrations 


The  preceding  discussion  has  focused  on  the  relationship 
between  disparate  carrier  lifetime  measurements,  as  the  mea¬ 
surements  may  not  be  comparable  due  to  differences  in  the 
physical  lifetimes  being  measured  or  to  different  measure¬ 
ment  conditions.  As  the  carrier  lifetime  is  often  viewed  as  a 
measure  of  material  quality  and  of  suitability  for  device  ap¬ 
plications,  this  relationship  becomes  a  significant  consider¬ 
ation.  The  results  of  the  previous  sections  provide  a  frame¬ 
work  for  assessing  the  equivalence  of  independent  lifetime 
measurements  and  for  applying  corrections  when  necessary, 
so  that  a  direct  comparison  may  be  performed.  While  the 
simulated  variations  with  injection  level  or  temperature  ap¬ 
pearing  in  Sec.  IV  may  be  used  as  a  guide,  relative  correc¬ 
tions  may  also  be  obtained  through  carrier  dynamics  simula¬ 
tions.  The  simulations  have,  for  the  most  part,  assumed  n~ 
4H-SiC  dominated  by  a  single  lifetime  killer,  the  Z,  /Z2 
defect/  As  material  growth  continues  to  mature  and  incor¬ 
poration  of  this  defect  is  reduced  significantly,  other  defects 
may  take  on  a  dominant  role  in  determining  the  lifetime.  In 
such  cases,  the  approach  in  Sec.  IV  remains  applicable,  al¬ 
though  the  nature  of  the  defect  and  the  corresponding  details 
in  setting  up  the  simulation  will  generally  be  different. 

Considerations  of  the  three  optical  techniques  described 
in  Sec.  Ill  elucidated  the  similarities  and  differences  between 
the  high-  and  low-injection  lifetimes  determined  by  these 
measurements,  as  summarized  in  Table  II.  These  differences 
can  lead  to  discrepancies  in  reported  lifetimes  if  appropriate 
corrections  are  not  applied.  Ideally,  such  a  comparison 
should  include  a  broad  range  of  lifetime  measurement 
techniques — both  optical  and  electrical.  While  this  was  not 
practical  in  the  present  case,  a  careful  study  along  these  lines 
would  be  a  valuable  contribution.  It  has  been  noted1  that 
comparison  between  optical  and  electrical  lifetime  measure¬ 
ments  may  not  be  straightforward,  as  defects  in  device  struc¬ 
tures  have  different  effects  on  optical  and  electrical  measure¬ 
ments.  On  the  other  hand,  it  would  seem  that  if  the  detailed 
conditions  (e.g.,  injection,  temperature,  etc.)  within  the 
sampled  region  of  a  device  were  known  for  both  types  of 
measurement,  appropriate  corrections  (e.g.,  Sec.  IV)  could  be 
applied  to  enable  a  fair  comparison  of  the  lifetimes.  There 
are,  of  course,  difficulties  in  this,  as  the  sampled  regions  are 
often  very  different  for  the  two  types  of  measurement  and  it 
can  be  difficult  to  accurately  obtain  the  necessary  parameters 
that  reflect  the  measurement  conditions  in  a  specific  region 
of  a  device  structure. 
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The  simulations  were  employed  to  show  general  trends 
in  the  decay  of  the  nonequilibrium  carriers.  Reasonable 
agreement  with  experiment  was  obtained,  leading  to  values 
for  the  300  K  0/+  capture  cross  sections  crn2  and  crp2,  which 
were  necessary  to  carry  out  the  generalized  simulations. 
From  these  simulations,  and  for  high  initial  carrier  injection, 
four  phases  of  decay  were  identified,  including  a  high- 
injection  phase  (not  present  with  low  initial  injection)  in 
which  the  populations  of  the  three  defect  charge  states  are  in 
a  quasisteady-state  condition  and  remain  slow  varying  until 
the  carrier  concentrations  become  comparable  to  that  of  the 
equilibrium  carriers.  The  high-injection  lifetime,  thl,  is  de¬ 
termined  from  the  QSS  defect  concentrations  and  is  prima¬ 
rily  a  function  of  the  capture  coefficients  and  the  total  defect 
concentration.  From  this  a  simple  expression  for  the  ratio  of 
the  high-  to  low-injection  lifetimes  was  determined  and 
found  consistent  with  experiment.  The  results  of  the  simula¬ 
tions  were  heavily  impacted  by  the  negative- U  nature  of  the 
defect  and  the  resulting  internal  level  structure,  as  well  as  the 
actual  values  of  the  material  parameters.  In  particular,  the 
small  0/-  electron  capture  cross  section,  in  part  a  result  of 
the  large  lattice  relaxation  of  the  Z~  state,  has  a  significant 
effect  on  the  carrier  dynamics.  The  simulated  temperature 
dependence  was  in  reasonable  agreement  with  experiment, 
reflecting  weak  temperature  dependence  below  500  K  and 
activated  behavior  at  higher  temperature  due  to  electron 
emission  from  Z°.  At  higher  temperatures  electron  emission 
from  Z~  begins  to  contribute  and  near  1300  K  the  simulations 
predict  the  onset  of  efficient  hole  emission. 

The  simulations  were  extended  to  consider  the  effect  of  a 
second  defect,  EH6/EH7,  on  the  carrier  lifetime.  Using  a 
measured  value  for  cr„3,  and  the  qualitative  observation  that 
crpi  is  small,  the  simulations  suggest  that  for  as-grown  mate¬ 
rial,  where  the  EH6/EH7  and  Zl/Z2  concentrations  are  not 
too  far  apart,  there  is  little  contribution  to  the  lifetime  from 
this  defect.  This  is  directly  a  result  of  the  small  hole  capture 
cross  section,  which  defines  EH6/EH7  as  an  effective  elec¬ 
tron  trap  but  an  ineffective  recombination  center. 
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APPENDIX:  INCLUSION  OF  THERMAL  EMISSION 

By  including  carrier  emission,  at  high  injection  (Sp 
~Sn),  Eq.  (14)  can  be  written  without  limitations  on  tem¬ 
perature  as 


—  +  [an2Sn  +  ap2p2(T)]Z+  =  [ ap2Sn  +  an2n2(T)]Z? , 

(Al) 

—  +  [ap2Sn  +  anini{D]Z-  =  [a„\Sn  +  (T-)]^’ - 


As  with  Eq.  (14),  at  high  injection  the  Zk{t)  vary  rapidly 
before  reaching  their  QSS  levels.  With  dZkldt~0  in  QSS 
and  using  1,Zk=N  and  Eq.  (Al),  the  Zncc  are  determined  for 
r<1000K(Pl=„2.0)as  ® 
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At  very  high  temperature,  of  course,  the  hole  emission  in 
Eq.  (Al)  would  have  to  be  included.  Using  Eqs.  (9)  and  (11) 
under  high  injection  conditions  (Sn^>n0),  the  high-level  life¬ 
time  becomes 


T„  —  Tot  — 


dSn/dt 


Sn 


J  HL 


[  y0  hiZqss 
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Sn  ) 


Inserting  the  QSS  defect  concentrations  from  Eq.  (A2), 
this  becomes 


7hl-  )  ap2  +  fl«i 


1  - 


Sn\a„i  Sn 


(A3) 


which  reduces  to  Eq.  (16)  for  njl  Sn—>0.  With  Eq.  (A3)  and 
tMCl=(«p|/V)-1,  the  ratio  rHL/  tmcl  can  be  constructed  for 
temperatures  below  1000  K. 
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